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ABSTRACT APOBEC3 proteins play pivotal roles in defenses against retroviruses,
including HIV-1, as well as retrotransposons. Presumably due to the evolutionary
arms race between the hosts and retroelements, APOBEC3 genes have rapidly
evolved in primate lineages through sequence diversification, gene amplification and
loss, and gene fusion. Consequently, modern primates possess a unique set or “rep-
ertoire” of APOBEC3 genes. The APOBEC3 gene repertoire of humans has been well
investigated. There are three types of catalytic domains (Z domain; A3Z1, A3Z2, and
A3Z3), 11 Z domains, and 7 independent genes, including 4 genes encoding double
Z domains. However, the APOBEC3 gene repertoires of nonhuman primates remain
largely unclear. Here, we characterize APOBEC3 gene repertoires among primates
and investigated the evolutionary scenario of primate APOBEC3 genes using phylo-
genetic and comparative genomics approaches. In the 21 primate species investi-
gated, we identified 145 APOBEC3 genes, including 69 double-domain type
APOBEC3 genes. We further estimated the ages of the respective APOBEC3 genes
and revealed that APOBEC3B, APOBEC3D, and APOBEC3F are the youngest in
humans and were generated in the common ancestor of Catarrhini. Notably, inva-
sion of the LINE1 retrotransposon peaked during the same period as the generation
of these youngest APOBEC3 genes, implying that LINE1 invasion was one of the driv-
ing forces of the generation of these genes. Moreover, we found evidence suggest-
ing that sequence diversification by gene conversions among APOBEC3 paralogs
occurred in multiple primate lineages. Together, our analyses reveal the hidden
diversity and the complicated evolutionary scenario of APOBEC3 genes in primates.

IMPORTANCE In terms of virus-host interactions and coevolution, the APOBEC3 gene
family is one of the most important subjects in the field of retrovirology. APOBEC3
genes are composed of a repertoire of subclasses based on sequence similarity, and
a paper by LaRue et al. provides the standard guideline for the nomenclature and
genomic architecture of APOBEC3 genes. However, it has been more than 10 years
since this publication, and new information, including RefSeq, which we used in this
study, is accumulating. Based on accumulating knowledge, APOBEC3 genes, particu-
larly those of primates, should be refined and reannotated. This study updates
knowledge of primate APOBEC3 genes and their genomic architectures. We further
inferred the evolutionary scenario of primate APOBEC3 genes and the potential driv-
ing forces of APOBEC3 gene evolution. This study will be a landmark for the elucida-
tion of the multiple aspects of APOBEC3 family genes in the future.
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It is evident that some viral infections are pathogenic and lethal to hosts. However,
hosts are not always vulnerable to viral infections but possess a repertoire of antiviral

genes to regulate pathogenic viral infections. The long-lasting coexistence and coevo-
lution of hosts and viruses led to the evolution of antiviral genes in hosts, and the
virus-driven evolution of antiviral genes is considered the “Red Queen effect”
(reviewed in references 1 to 4). As a hallmark of the antiviral genes that have under-
gone an evolutionary arms race with pathogenic viruses, some antiviral genes, such as
ZC3HAV1 (also known as zinc-finger antiviral protein [ZAP]) (5), bone marrow stromal
antigen 2 (BST2; also known as tetherin) (6–8), and radical SAM domain-containing
2 (RSAD2; also known as viperin) (9, 10), are under strong diversifying selection. In
particular, the RSAD2 gene is carried by eukaryotes to prokaryotes and functions as an
antiviral gene (11). In addition, some family genes such as interferon-induced trans-
membrane (IFITM) genes (12–14), tripartite motif-containing (TRIM) genes (15–18), and
apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3 (APOBEC3; A3)
genes (1, 19) are antiviral and under diversifying selection. In addition to diversifying
selection, IFITM family genes (14), TRIM family genes (18), and A3 family genes (4, 19,
20) have undergone amplification by tandem gene duplication.

A3 family proteins are cellular cytidine deaminases and members of AID/APOBEC
superfamily (reviewed in references 21 and 22). AID/APOBEC superfamily proteins,
including A3 proteins, commonly possess a zinc-dependent catalytic domain (Z do-
main) with a conserved HxE/PCxxC motif (reviewed in references 21 and 22). There are
seven A3 members (A3A, A3B, A3C, A3D, A3F, A3G, and A3H) in humans, clustered in
the locus sandwiched by the CBX6 and CBX7 genes on chromosome 22 (herein we call
this genomic region “canonical A3 locus”) (20, 23). Some A3 proteins, such as A3D,
A3F, A3G, and A3H, are potent inhibitors of infection by human immunodeficiency vi-
rus type 1 (HIV-1) (24–29). To counteract antiviral A3 proteins, an accessory protein of
HIV-1, viral infectivity factor (Vif), degrades the A3 proteins expressed in HIV-1-infected
cells via the ubiquitin-proteasome pathway (reviewed in references 4 and 30). Vif is
well conserved in a variety of lentiviruses, including HIV-1 and simian immunodefi-
ciency viruses (SIVs), and neutralizes antiviral A3 proteins expressed in hosts (reviewed
in references 4 and 31).

The A3 Z domains are classified into three classes based on sequence similarity:
A3Z1, A3Z2, and A3Z3 domains (reviewed in references 4 and 20). Human A3A, A3C,
and A3H possess single A3Z1, A3Z2, and A3Z3 domains, respectively, while the other
four A3s harbor double Z domains: A3Z2-A3Z1 in A3B and A3G and A3Z2-A3Z2 in A3D
and A3F (reviewed in references 4 and 20). Previous studies have estimated that the
origins of A3Z1, A3Z2, and A3Z3 are the common ancestor of Eutheria, and the com-
mon ancestor of primates possessed the three genes containing the respective single
Z domains (20, 32). Since the human genome encodes seven A3 genes and four of the
seven genes harbor double Z domains, these observations suggest that A3 genes were
amplified by tandem gene duplication and that some of them were concatenated dur-
ing primate evolution to generate novel A3 genes harboring two Z domains (4, 20). In
addition, Yang et al. (33) and we (19) have recently revealed that some primate A3
genes are encoded in different regions of the canonical A3 locus. Because these A3
genes located in the noncanonical A3 loci lack introns, it is suggested that these
A3 genes were amplified by retrotransposition (here, we refer to retrotransposition-
mediated amplification of intronless A3 genes as “retrocopying”) during primate
evolution.

To elucidate the evolutionary scenario of primate A3 genes in depth, which includes
gene amplification (by tandem gene duplication and retrocopying), gene loss, and the
formation of double-domain A3 genes, a repertoire of A3 genes in diverse primates
should be determined at a high resolution. Although the gene structure of human A3
genes is well studied, the A3 gene repertoires of nonhuman primates, including
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nonhuman Hominidae, Old World monkeys (OWMs), New World monkeys (NWMs), and
Prosimians, have not been characterized deeply. Some previous studies have
addressed this issue using information on primate genome sequences (1, 19, 32). In
fact, we recently revealed the numbers of A3 Z domains encoded by the genomes of
160 mammalian species, including 30 primate species (19). Nevertheless, the details
of the gene structures of A3 gene repertoires in nonhuman primates (e.g., what kinds
of double-domain type A3 genes are present in each primate species) remain largely
unknown.

In this study, we systematically reannotated primate A3 genes using the coding
sequence (CDS) data set provided by the RefSeq database (34). Since the CDS annota-
tion in RefSeq is based on transcriptomic information (i.e., mRNA sequences), as well as
genomic information (34), we can investigate whether respective A3 Z domains are
expressed as single- or double-domain-type genes by splicing. Moreover, we examined
the prevalence, age, and origin of each A3 gene in primates in depth. Here, we further
describe the complicated evolutionary scenario of primate A3 genes and address fac-
tors that potentially drive the evolution of primate A3 genes.

RESULTS
Reannotation of primate AID/APOBEC genes. To elucidate the evolutionary his-

tory of AID/APOBEC genes in primates at a high resolution, we undertook systematic
reannotation of primate AID/APOBEC genes (Fig. 1A). We surveyed the CDS database
provided by RefSeq (release 101) (34) for 21 primate species (see Data Set S1 in the
supplemental material) and extracted 454 CDSs (consisting of 230 genes) displaying
sequence similarity with the Z domains of human AID/APOBECs. We classified the

FIG 1 Reannotation of AID/APOBEC genes in primates. (A) Scheme for the reannotation of AID/APOBEC-related genes in primates from the RefSeq
database. (B) Phylogenetic tree of the Z domains of primate AID/APOBEC genes. One representative CDS was selected for each gene, and only Z domains
in the CDS were used for the analysis. The tree was reconstructed by the NJ method according to the nucleotide sequences of the Z domains. *, bootstrap
value = 100. (C) Number of AID/APOBEC Z domains identified in this study. (D) Number of respective types of AID/APOBEC genes. (E) Phylogenetic trees of
primates A3Z1, A3Z2, and A3Z3. The subclassifications of A3Z1 and A3Z2 (A3Z1a–1d and A3Z2a–2d, respectively) are indicated. Information on primate
lineages is indicated at the tip of the tree. *, bootstrap value. 70; **, bootstrap value. 90.
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identified Z domains into seven categories (AICDA, A1, A2, A3Z1, A3Z2, A3Z3, and A4)
through phylogenetic analysis. Finally, we resolved the Z-domain architectures of the
respective AID/APOBEC-related CDSs and subsequently classified the AID/APOBEC-
related genes according to the Z-domain architectures of their related CDSs.

In the 21 primate species, we identified a total of 305 Z domains in 230 AID/
APOBEC genes (Fig. 1B to D; see also Data Set S2). As described previously (19), A3Z1
and A3Z2 have been highly amplified in primates (Fig. 1B and C). Genes with double Z
domains were detected only in A3 genes, and half of the A3 genes (69/145) encode
double Z domains (Fig. 1D; see also Data Set S2). The majority of the double domain-
type A3s in primates show A3Z2-A3Z1 (e.g., A3B and A3G) or A3Z2-A3Z2 (e.g., A3D and
A3F) architectures (Fig. 1D).

Origin of A3 genes encoding double Z domains in primates. Compared with the
other AID/APOBEC Z domains, including A3Z3s, A3Z1s, and A3Z2s, have been amplified
and diversified, with further complexity, in primates (Fig. 1C) (19). We investigated the
codon sites under diverse selection in primate A3Z1, A3Z2, and A3Z3 sequences using
the mixed effects model of evolution algorithm (MEME) (35) (see Data Set S3). Consistent
with a previous study (19), a larger number of codon sites under diversifying selection
were detected in A3Z1 and A3Z2 than in A3Z3, suggesting that A3Z1 and A3Z2 have
become more diversified during primate evolution than A3Z3 (see Data Set S3).

To trace the evolutionary history of primate A3Z1s and A3Z2s, we classified primate
A3Z1s and A3Z2s into more detailed phylogenetic clusters (A3Z1a–1d and A3Z2a–2d,
respectively) (Fig. 1E). Clusters A3Z1a–1b and A3Z2a–2c contain Z domains identified
from Hominoidea, OWMs, and NWMs, suggesting that these clusters formed in the
common ancestor of Simiiformes, which includes Hominoidea, OWMs, and NWMs. On
the other hand, A3Z1d- and A3Z2d-type Z domains were detected specifically in
Prosimians, and A3Z1c was detected only in OWMs. The known motifs of the catalytic
domain of cytidine deaminase (i.e., HxE and WS/TPCx2-4C) (20) were well conserved
across the A3 domains we identified (Fig. 2). As an exception, the catalytic motif (WS/
TPCx2-4C) was degraded in A3Z1c, an OWM-specific A3 Z domain, suggesting that the
deaminase activity of A3Z1c has been lost during evolution (Fig. 2). We additionally
confirmed that the amino acid residues that have been reported as unique in A3Z1,
A3Z2, and A3Z3 (20) are highly conserved in the corresponding classes of the A3 Z
domains in this study (Fig. 2).

The human genome encodes four double-domain A3 genes: A3B, A3D, A3F, and
A3G (4, 20). According to the cluster defined above, we next investigated the Z-domain
architectures of primate double-domain A3s in depth (Fig. 1E). A3D and A3F commonly
possess a A3Z2-A3Z2 architecture (4, 20). In our classification, the architectures of both
A3D and A3F were A3Z2b-A3Z2a (Fig. 1E), suggesting that these two genes arose via
tandem gene duplication of an ancestral A3Z2b-A3Z2a gene.

Similar to A3D and A3F, A3B and A3G are double-domain type A3 genes, and these
two genes have an A3Z2-A3Z1 architecture. However, our classification showed that
these are composed of the different types of Z domains: A3Z2b-A3Z1a for A3B and
A3Z2c-A3Z1b for A3G (Fig. 1E). These observations suggest that A3B and A3G were
generated independently. In particular, the C-terminal domain (CTD) of A3B clusters to-
gether with A3As (A3Z1a), whereas its N-terminal domain (NTD) clusters with the NTDs
of A3Ds and A3Fs (A3Z2b). In the case of A3G, both its NTD (A3Z2c) and its CTD
(A3Z1b) formed unique clusters (Fig. 1E). Consistent with a previous report (32), these
results suggest that A3B arose via fusion of an A3D/F-NTD-like Z domain (A3Z2b here)
and an A3A-like Z domain (A3Z1a here).

To estimate the age of the formation of the respective types of double-domain A3
genes, we next examined the prevalence of these A3 genes among primates (Fig. 3).
A3G-like (A3Z2c-A3Z1b) genes are present in Hominoidea, OWMs, and NWMs but
absent in Prosimians (Fig. 3A and C). Consistent with our previous findings (19), these
observations suggest that the A3G-like (A3Z2c-A3Z1b) gene was formed in the com-
mon ancestor of Simiiformes. On the other hand, A3B-like (A3Z2b-A3Z1a) genes are
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present only in Catarrhini (i.e., Hominoidea and OWMs) (Fig. 3A and C), suggesting that
the A3B-like (A3Z2b-A3Z1a) gene was formed in the common ancestor of Catarrhini.
Although A3D and A3F are present only in Catarrhini, a single copy of the gene encod-
ing the same Z-domain architecture (A3Z2b-A3Z2a) is present in NWMs (Fig. 3B and C).
This NWM-specific A3Z2b-A3Z2a gene is encoded in the A3 gene cluster, which is pres-
ent between CBX6 and CBX7 (4), supporting that this gene is an authentic member of
the A3 gene family (Fig. 4A). These results suggest that the A3D/F-like gene (A3Z2b-
A3Z2a) formed in the common ancestor of Simiiformes and subsequently was dupli-
cated in the common ancestor of Catarrhini, resulting in the formation of A3D and A3F
genes.

FIG 2 Sequence motifs conserved in A3 Z domains. Logo plots of amino acid sequences for respective clusters of A3 Z domains are shown. The yellow
square indicates the amino acid residues comprising the catalytic domain of A3 proteins. Also, amino acid residues that have been reported as specific to
A3Z1, A3Z2, and A3Z3 (20) are annotated. The logo plots were created using WebLogo 3 (59) (http://weblogo.threeplusone.com/create.cgi).
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Consistent with a previous report (19), prosimians (including Strepsirrhini and
Tarsiiformes) did not possess the A3Z3 gene (Fig. 3C), suggesting loss of this gene in
the prosimian lineage. Instead, another type of A3Z2-A3Z2 (A3Z2d-A3Z2d) gene was
present. Because this prosimian-specific A3Z2d domain is phylogenetically different
from other A3Z2 domains (Fig. 1E), the A3Z2-A3Z2 formations in Simiiformes and
Prosimians likely occurred in parallel during primate evolution. Moreover, this type of
prosimian-specific A3Z2d-A3Z2d gene was amplified not only via tandem gene dupli-
cation but also via gene retrocopying, as with A3G in NWMs (19, 33) (Fig. 4B). These
data support that this prosimin-specific A3Z2d-A3Z2d authentically exists and is
expressed in germ line cells, where heritable retrocopying events occur. In addition,
we identified other types of A3 retrocopies in Nomascus leucogens (A3Z2c), Macaca
nemestrina (A3Z1c), and Chlorocebus sabaeus (A3Z1a), suggesting that the formation of
novel A3 genes via retrocopy has occurred in multiple primate lineages (Fig. 4B).

FIG 3 Prevalence of double-domain A3 genes in primates. (A and B) Phylogenetic trees for A3Z2-A3Z1 (A) and A3Z2-A3Z2 (B) genes in primates. Species
names and official gene symbols assigned by RefSeq are indicated at the tips of the tree. #, A3 genes generated by retrocopying (i.e., intronless A3 genes).
(C) Number of respective types of A3 genes in primate species. *, A3 genes generated by retrocopying (i.e., intronless A3 genes). The detailed information
is summarized in Data Set S2.
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Gene conversions on the multiple A3 Z domains. To further investigate the evolu-
tionary trajectory of the youngest double-domain A3 genes in primates (i.e., A3B, A3D,
and A3F), which were generated in the common ancestor of Catarrhini, we recon-
structed the phylogenetic trees of three types of Z domains (i.e., A3Z1a, A3Z2a, and
A3Z2b) related to the A3 genes above (Fig. 5A to C).

We first examined the topology of the trees for A3Z1a (including A3A and A3B-CTD)
(Fig. 5A). Z domains corresponding to A3A and A3B-CTD were mingled together and
clustered according to the primate lineages (i.e., Hominoidea and OWMs) instead of
the gene types (A3A and A3B-CTD). This tree topology suggests that the A3A and A3B
genes did not independently evolve after the speciation of Hominoidea and OWMs

FIG 4 Genomic location of primate A3 genes. (A) Genomic synteny of primate A3 genes. A segment represents a Z domain. A dot and arrowhead denote
the start and end of the gene, respectively. Only nonretrocopy A3 genes are shown. (Left) A3 genes in the canonical A3 locus, which is situated between
CBX6 and CBX7. (Right) A3 genes located in genomic loci other than the canonical A3 locus (e.g., unplaced scaffold sequences). (B) A3 retrocopy genes
identified in primates. Genomic CDS structures of respective genes are shown. In addition to retrocopy genes, several A3 genes in the canonical A3 locus
are shown. The detailed information is summarized in Data Set S2.
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(i.e., after the formation of A3B [Fig. 3A and C]). This implies the possibility that gene
conversion occurred between A3A and A3B-CTD. Therefore, we evaluated the possibil-
ity of gene conversion events between A3A and A3B-CTD using a genetic algorithm for
recombination detection (GARD) (36). The GARD analysis showed that the model with
one or two recombination events outperformed the model with no recombination in
explaining the evolution of A3Z1a (Fig. 5D), supporting the occurrence of gene conver-
sion(s) between A3A and A3B-CTD.

FIG 5 Gene conversions of multiple A3 Z domains. (A to C) Phylogenetic trees of A3Z1a (A), A3Z2a (B), and A3Z2b (C). The trees were reconstructed by the
NJ method according to the nucleotide sequences of Z domains. The bootstrap value is denoted on the corresponding node. (D to F) Gene conversion
events detected by GARD (36) in A3Z1a (D), A3Z2a (E), and A3Z2b (F). (Top) Statistical comparison of the evolutionary models with and without gene
conversion event(s). The Akaike information criterion correction (AICc) value of each model and the DAICc value between models are indicated. An asterisk
denotes a P value of ,0.01 in the model comparison. (Bottom) Relative support values of the recombination breakpoints detected by GARD. The highest
breakpoint signal was normalized as one. *, bootstrap value. 70; **, bootstrap value. 90.
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Similarly, we examined the topology of the trees for A3Z2a (including A3C, A3D-
CTD and A3F-CTD) and A3Z2b (including A3B-NTD, A3D-NTD, and A3F-NTD) (Fig. 5B
and C). In the case of the A3Z2a domain, the A3C genes in primates formed a unique
cluster and showed a topology concordant with the primate phylogeny (Fig. 5B). On
the other hand, similar to the A3Z1a domain above, A3D-CTD and A3F-CTD were
mingled together and clustered according to primate lineage, Hominoidea and OWMs,
instead of gene type (Fig. 5B). In the case of the A3Z2b domain, A3B-NTD and A3F-NTD
in Hominoidea clustered together, though the bootstrap support value was not high
(Fig. 5C; bootstrap value = 14). These results suggest that gene conversion also
occurred for A3Z2a and A3Z2b. Therefore, we evaluated the possibility of gene conver-
sion events in A3Z2a and A3Z2b using GARD (Fig. 5E and F). In both cases, recombina-
tion events with statistical significance were detected, supporting the occurrence of
gene conversions for these genes.

LINE1 is a possible driving force for the generation of the A3B gene. It has been
considered that one of the major roles of primate A3s is to restrict the invasion of ret-
roviruses, including endogenous retroviruses (ERVs) or other types of transposable ele-
ments (TEs) (e.g., LINEs and SINEs) (19, 37). In addition, our data suggest that the gener-
ation of A3B and the duplication of A3D/F occurred in the common ancestor of
Catarrhini (Fig. 3). To investigate the evolutionary event(s) driving the generation of
these A3 genes, we examined whether intensive invasion of retroviruses or TEs
occurred in the common ancestor of Catarrhini. We estimated the insertion date of the
respective loci of five TE categories (LINE1, LINE2, Alu, DNA transposon, and ERV) in the
human genome using a comparative genomic approach (19) and subsequently quanti-
fied the amount of TE insertions in each evolutionary period (Fig. 6A). As illustrated in
Fig. 6B, the invasion of LINE1 peaked around the age of the common ancestor of
Catarrhini (i.e., 29 to 43 million years ago [MYA]). On the other hand, invasions of other
TEs, such as LINE2, DNA transposons, and ERV, peaked at different periods. As an
exception, the period of Alu invasion peak overlapped with that of LINE1 (Fig. 6B), con-
sistent with the knowledge that Alu is a nonautonomous retroelement and is trans-
posed by LINE1 (38). Altogether, these findings suggest the possibility that the origin
of the A3B (A3Z2b-A3Z1a) gene and/or the duplication of A3D/F (A3Z2b-A3Z2a) genes
in the common ancestor of Catarrhini were driven by the invasion of LINE1 (Fig. 7).

DISCUSSION

In this study, we conducted molecular phylogenetic and evolutionary analyses by
using the CDSs provided by RefSeq (34) and uncovered the evolutionary scenario of
the evolution of primate A3 genes. The results of this study and previous works (4, 19,
20, 32, 33) show that the evolution of primate A3 genes is more complicated than
expected (Fig. 7). In particular, we classified the A3Z1 and A3Z2 genes into A3Z1a–1d
and A3Z2a–2d and revealed when and how double domain A3 genes were generated

FIG 6 Estimation of the number of TE insertions in each evolutionary period. (A) Definition of evolutionary periods. (B) Estimated insertion amount of TEs
per MYA in respective periods. The results for five TE categories (LINE1, LINE2, Alu, ERV, and DNA transposon) are shown.
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during primate evolution. Moreover, we addressed evolutionary events that might
have contributed to driving the evolution of A3 family genes.

Previous studies have suggested that three core (i.e., single-domain) A3 genes, A3Z1,
A3Z2 and A3Z3, were generated in the common ancestor of Eutheria (20, 32). On the
other hand, Homininae, including humans, possess four double-domain A3 genes: A3B
(A3Z2b-A3Z1a), A3D (A3Z2b-A3Z2a), A3F (A3Z2b-A3Z2a), and A3G (A3Z2c-A3Z1b). Our
recent study showed that A3G (A3Z2c-A3Z1b) was generated in the common ancestor
of Simiiformes (19). In contrast to A3G, we revealed that A3B (A3Z2b-A3Z1a) was gener-
ated independently of A3G, and that it is younger than A3G: the A3B gene was gener-
ated in the common ancestor of Hominidae and OWMs (Fig. 7). Regarding A3D and A3F,
NWMs carry a single copy of the A3D/F-like gene (A3Z2b-A3Z2a) in their genome, sug-
gesting that an A3D/F-like gene (A3Z2b-A3Z2a) was generated in the common ancestor
of Simiiformes and then duplicated into A3D and A3F in the common ancestor of
Hominidae and OWMs via tandem gene duplication (Fig. 7).

It is assumed that the physiological role of A3 genes is the regulation of exogenous
retroviruses, including HIV-1, and endogenous retroelements, including ERVs, LINEs,
and SINEs (reviewed in reference 37). We recently showed that the rapid evolution and
amplification of mammalian A3 genes would be driven by the invasion of retroele-
ments (19). In the present study, we deeply assessed the timing of the generation of
double-domain A3 genes and the invasion of a variety of retroelements during primate
evolution (Fig. 6 and 7). Consistent with our recent study (19), invasion of ERVs peaked
in the common ancestor of Hominidae, OWMs, and NWMs (Fig. 6), which is consistent
with the generation of the A3G gene and an ancestral A3D/F-like gene (A3Z2b-A3Z2a)
(Fig. 7). On the other hand, the invasions of LINE1 and Alu peaked in the common
ancestor of Catarrhini (Fig. 6). This period overlaps with the generation of the A3B
gene and the tandem duplication of A3D and A3F (Fig. 7). A3B potently suppresses the
growth of LINE1 (39–41), whereas A3F inhibits the replication of vif-deleted HIV-1 (42),
HERV-K (43), and LINE1 (40). Altogether, these findings suggest that LINE1 invasion in
the common ancestor of Catarrhini is a driving force of the evolution of primate A3
genes.

The genome of a prosimian (Otolemur garnettii) encodes a unique double-domain A3
gene, the A3Z2d-A3Z2d gene (Fig. 3B and C). Because the sequence of this gene is differ-
ent from that of A3D/F (A3Z2b-A3Z2a) in Catarrhini, it is suggested that this bushbaby-
specific A3Z2d-A3Z2d gene was generated independently of A3D/F. Interestingly, this
bushbaby-specific A3Z2d-A3Z2d gene was amplified by retrocopying (Fig. 4B).

FIG 7 Complex evolutionary history of A3 genes in primates. (Top) The evolution of A3 genes in primates. In the Strepsirrhini lineage, A3Z3 loss and
A3Z2d-A3Z2d generation, followed by retrocopying occurred. In the common ancestor of Simiiformes (Hominoidea, OWMs, and NWMs), A3Z2c-A3Z1b
(A3G) (19) and A3Z2b-A3Z2a (the ancestor of A3D and A3F) were generated. In the NWM lineage, A3Z2c-A3Z1b (A3G) was amplified by retrocopying (19,
33). In the common ancestor of Hominoidea and OWMs, A3Z2b-A3Z1a (A3B) was generated. In addition, A3Z2b-A3Z2a was duplicated (i.e., A3D and A3F
were generated). In the lineages of Hominoidea and OWMs, gene conversions among A3 Z domains occurred multiple times. (Bottom) Association of
invasions of retroelements with primate A3 evolution. The invasion of ERVs (blue) in the human genome peaked at the age of the common ancestor of
Simiiformes, when A3Z2c-A3Z1b (A3G) was generated (19). On the other hand, LINE1 invasion peaked at the age of the common ancestor of Hominoidea
and OWMs, when A3B, A3D, and A3F were generated.
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As reported previously (19, 33), amplification of A3G genes by retrocopying is prominent
in the NWM lineage. As retrocopying-mediated A3 gene amplification was observed in
multiple lineages of primates, retrocopy-mediated A3 gene amplification frequently
occurred during primate evolution. Although the biological significance of the frequent
retrocopying of A3 genes during primate evolution and its evolutionary driving force
remain unclear, as described above, certain A3 proteins potentially suppress LINE1
retrotransposition (39–41). Therefore, one might assume that A3 gene amplification
via retroelement machinery hijacking is a self-regulatory system for modulating exces-
sive retrotransposition of retroelements.

In addition to gene amplification mediated by tandem duplication and retrocopy-
ing, we show evidence suggesting gene conversion between the paralogs of primate
A3 genes. In particular, although the generation of novel A3 genes and A3 gene ampli-
fication were not observed after the divergence of Hominidae and OWMs, we found
evidence suggesting gene conversion between A3A and A3B-CTD (A3Z1a domain),
between A3D-CTD and A3F-CTD (A3Z2a domain), and between A3D-NTD and A3F-NTD
(Fig. 5). Gene conversions that occur between paralogs reduce sequence diversity
between paralogs (i.e., reduction in intraspecies sequence diversity) while increasing
sequence diversity between orthologs (i.e., increase in interspecies sequence diversity),
which may result in the difference in antiviral activity of orthologs of some primate A3
genes. For instance, it is known that the anti-HIV-1 activity of A3D and A3F differs
among primates: human A3F is stronger than human A3D (28, 44), but chimpanzee
A3F is weaker than chimpanzee A3D (45). The difference in the antiviral activity of
great ape A3D and A3F may be attributed to gene conversion between these genes.
Moreover, it is known that human A3D and A3F bind to HIV-1 Vif via their CTDs
(46–52); in addition, human and chimpanzee A3D/F can be degraded by the Vif pro-
teins of HIV-1 (25, 53) and an SIV infecting chimpanzee (SIVcpz) (45). However, it is of
interest that chimpanzee A3D is resistant to degradation mediated by the Vif proteins
of certain SIVs (e.g., SIVrcm and SIVmus), the putative ancestors of SIVcpz, but that
chimpanzee A3F is degraded by them (45). The difference in the sensitivity of chimpan-
zee A3D and A3F to the Vif proteins of SIVrcm and SIVmus may also be due to gene
conversion between these paralogs. Thus, one may assume that gene conversion
between A3 paralogs promoted escape of degradation by ancestral Vif-like factor(s).

By using the CDSs from RefSeq, we elucidated multiple aspects of primate A3 evolu-
tion. However, some issues remain unclear because of technical limitations. First,
because primate A3 genes are highly similar and repetitive, we were unable to define
whether some sequences are authentic. For instance, although two gorilla A3B sequen-
ces were obtained from RefSeq (LOC115930115 and LOC101133558), we could not
determine whether gorilla carries two A3B genes or two haplotypes of gorilla A3B
genes are present or whether the results was due to sequence errors. Second, although
it is evident that gene conversion has occurred between some A3 paralogs, the exact
breakpoints for gene conversions in these genes remain unknown. Third, this study is
mainly based on genomic sequence data, and the expression of primate A3 genes at
the mRNA or protein level was not addressed. Nevertheless, we show the evolutionary
scenario of primate A3 genes and in particular reveal the timing of the generation of
double-domain A3 genes. To deeply elucidate the evolution of primate A3 genes,
further investigations, including deep and accurate sequencing of the genomic regions
encoding A3 genes, expression profiles of these genes and experimental verification of
the antiviral activity of these genes, will be needed.

In summary, we reveal the evolution of primate A3 genes, which is more compli-
cated than expected. Primate A3 genes have been diversified and amplified by tandem
gene duplication, retrocopying, and gene conversion. Diversification and functional
differentiation of antiviral genes can lead to the establishment of species-specific anti-
viral defenses, which play pivotal roles in regulating cross-species viral transmission.
Our findings suggest that the roles of primate A3 genes as “species barriers” (25–29)
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are attributable to the rapid and complicated evolution of A3 genes driven by
retroelements.

MATERIALS ANDMETHODS
Data downloads. The sequence data and metadata of RefSeq CDSs (release 101) for the genomes of

21 primates (summarized in Data Set S1) were downloaded using the command “ncbi-genome-down-
load” (version 0.3.0 [https://github.com/kblin/ncbi-genome-download]; download date, 28 October
2020). LiftOver chain files (summarized in Data Set S4) used for estimating TE insertion dates were down-
loaded from the UCSC genome browser website (http://hgdownload.soe.ucsc.edu/goldenPath/hg19/
liftOver/).

Reannotation of AID/APOBEC genes in primates. To extract CDSs displaying sequence similarity
to the Z domains of AID/APOBECs, the sequences of RefSeq CDSs for 21 primates were scanned using
tBLASTn (v2.6.0) with an E value threshold of 1.0E–3 (54). The amino acid sequences of the Z domains of
human AID/APOBECs (summarized in Data Set S5) were used as query sequences. Hit regions that over-
lapped each other for .30 bp were clustered using bedtools cluster (v2.27.0) (55). Subsequently, one
top-hit region in each cluster was selected according to the alignment coverage (i.e., the alignment
length divided by query length). The hit region with ,0.5 alignment coverage was discarded. The hit
region matching the antisense strand of the CDS was also discarded. The sequences of the hit regions
were extracted from CDSs using bedtools getfasta (55). In this study, extracted sequences were defined
as sequences displaying similarity to AID/APOBEC Z domains, and related CDSs were defined as CDSs
encoding the Z domains.

Phylogenetic analysis was performed to classify the nucleotide sequences of the extracted AID/
APOBEC Z domains. Multiple sequence alignment was carried out using MAFFT (version 7.407) with the
FFT-NS-i algorithm (56), with an alignment site with ,0.75 site coverage (i.e., the number of aligned
sequences divided by the total number of sequences) eliminated. The phylogenetic tree was recon-
structed by the neighbor-joining (NJ) method using MEGA X (57) (model, maximum composite likeli-
hood with site heterogeneity in substitution rate [1G]; d, transitions 1 transversions; gap treatment,
pairwise deletion). The robustness of the tree topology was evaluated by 100 bootstrap analyses. The
class of the respective Z domain was defined according to this phylogenetic tree.

The Z domain architectures of the respective AID/APOBEC-related CDSs were determined according
to the Z-domain class defined above. Since multiple CDSs are sometimes recorded for one gene, one
“representative CDS” per gene was (basically) selected to assign one Z-domain architecture to each
gene. First, the longest CDS was selected for each type of Z-domain architecture of one gene. If CDSs
with distinct Z-domain architectures were present for one gene, representative CDS(s) were selected as
follows: if the number of Z domains was different among CDSs, the CDS with the larger number of Z
domains was selected; if equal, both CDSs were retained. Finally, the Z-domain architecture of a gene
was assigned according to that of the representative CDS. If two representative CDSs were present for a
gene, both Z-domain architectures were retained for the gene.

Detailed information on the identified AID/APOBEC Z domains, CDSs, and genes is summarized in
Data Set S2.

Genomic synteny analysis of A3 genes. CBX6 and CBX7 in respective species were extracted as
orthologous genes of human CBX6 and CBX7, as defined by the National Center for Biotechnology
Information (https://ftp.ncbi.nih.gov/gene/DATA/gene_orthologs.gz; download date, 29 October 2020).
Genomic locations of CBX6 and CBX7 in respective species were extracted from the metadata files of
RefSeq CDSs (the file “_feature_table.txt”). AID/APOBEC genes located between CBX6 and CBX7 were
annotated using bedtools intersect (55).

Identification of AID/APOBEC-related retrocopy genes. Regarding the representative CDS
(described above under “Reannotation of AID/APOBEC genes in primates”), the number of introns sand-
wiched by exons overlapping with the CDS was counted. Intron information was extracted from the
header of CDSs in the fasta file provided by RefSeq (the file “_cds_from_genomic.fna”). A2 and A4 genes
were excluded from the analysis because these genes have no or few introns (19). Genes with represen-
tative CDSs having a “partial” tag (i.e., CDSs lacking definite start or stop codons) were also excluded.
Genes in which the representative CDS has #1 intron were regarded as retrocopy genes. We confirmed
that all of the identified A3 retrocopy genes are located outside the canonical A3 gene cluster (see Data
Set S2).

Reconstruction of phylogenetic trees. The phylogenetic trees shown in Fig. 1E, 3A, and 3B were
reconstructed as follows. The multiple sequence alignment was generated using MAFFT with the E-INS-i
(56); the alignment site with ,0.95 site coverage (i.e., the number of aligned sequences divided by the
total number of sequences) was eliminated. The phylogenetic tree was reconstructed by the NJ method
using MEGA X (57) (model, maximum composite likelihood with site heterogeneity in substitution rate
[1G]; d, transitions 1 transversions; gap treatment, pairwise deletion). The robustness of the tree topol-
ogy was evaluated by 100 bootstrap analyses.

The phylogenetic trees shown in Fig. 5A to C were reconstructed as follows. The multiple sequence
alignment was constructed using MAFFT with the auto option. In the multiple sequence alignment, the
alignment site with,0.95 site coverage (i.e., the number of aligned sequences divided by the total num-
ber of sequences) was eliminated. The phylogenetic tree was reconstructed by the NJ method using
MEGA X (57). The robustness of tree topology was evaluated by 100 bootstrap analyses.

Detection of codon sites under diversifying selection. We first constructed codon-based multiple
sequence alignments (MSAs) of primate A3Z domains (A3Z1, A3Z2, and A3Z3) using MUSCLE (58)
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implemented in MEGA X (57). In the MSA, alignment sites with ,10% site coverage were eliminated
using the in-house script “select_alignment_site.Py.” which is available in the GitHub repository (https://
github.com/TheSatoLab/primate_A3_repertoire_and_evolution). Subsequently, sequences with gaps in
.10% alignment sites were eliminated using the script above.

To identify codon sites under diversifying selection in the MSA, we performed dN/dS analysis with the
branch-site model using MEME (35) implemented at the Datamonkey website (http://datamonkey.org).

Detection of gene conversion events. Gene conversion events were detected by GARD (36) using a
web server (http://www.datamonkey.org/gard) with default options.

Estimation of the amount of TE insertion in each time period. The amount of TE insertion in each
time period was estimated using ortholog distribution-based methods (19). The genomic positions of re-
spective TE loci in the human genome (hg19) determined by RepeatMasker (http://www.repeatmasker
.org) in a previous study (19) were used. The LiftOver program (http://genome.ucsc.edu/cgi-bin/
hgLiftOver) and chain files were used to convert the genomic coordinates of TEs in the human genome
to those in other species using the option “Minmatch= 0.5.” If conversion was successful, we inferred
that the orthologous copy of the TEs was likely present in the corresponding genome. The insertion
dates of the respective TE loci were estimated from ortholog distributions according to the scheme
described in a previous study (19). The relative amount of TE insertion in each period was calculated as
the total sequence length of TEs inserted in that period divided by that in all periods. Subsequently, the
insertion amount of TEs per MYA was calculated in the respective period.

Data visualization. Phylogenetic trees were visualized with ggtree (http://bioconductor.org/
packages/release/bioc/html/ggtree.html). Other data were visualized with ggplot2 (https://ggplot2
.tidyverse.org/).

Data availability. The raw data and computational codes are available from the GitHub repository
(https://github.com/TheSatoLab/primate_A3_repertoire_and_evolution).
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